We investigated the hypothesis that several transcriptional repressors are necessary to set the boundaries of anterior pair-rule stripes in Drosophila. Specifically, we tested whether Tailless (Tll) is part of a repression mechanism that correctly sets the anterior boundaries of hairy 1 (h 1) and even-skipped 1 (eve 1) stripes. Single mutant tll embryos displayed subtle deviations from the normal positions of h 1 and eve 1 stripes. Moreover, we observed stronger stripe deviations in embryos lacking both Tll and Sloppy-paired 1 (Slp 1), a common repressor for anterior pair-rule stripes. Using h 1 and eve 1 reporter constructs in the genetic assays, we provided further evidence that interference with normal mechanisms of stripe expression is mediated by Tll repression. Indeed, Tll represses both h 1 and eve 1 reporter stripes when misexpressed. Investigating the expression of other anterior gap genes in different genetic backgrounds and in the misexpression assays strengthened Tll direct repression in the regulation of h 1 and eve 1. Our results are consistent with tll being a newly-identified component of a combinatorial network of repressor genes that control pair-rule stripe formation in the anterior blastoderm of Drosophila.
Introduction
Pair-rule genes of the segmentation cascade are expressed in seven longitudinal stripes along the blastoderm. Seminal studies showed that the eve stripe 2 (eve 2) is formed by broadly distributed transcription factors activating its cis-regulatory module (CRM) and an anterior and a posterior repressor setting the boundaries of this stripe (Small et al., 1991 (Small et al., , 1992 . However, reinvestigations of eve 2 led the proposition that several repression activities are indeed necessary to set the anterior border and prevent the expression of the eve 2 CRM in more anterior regions of the embryo (Andrioli et al., 2002) . A model for a pair-rule stripe regulation emerged from eve 2 studies, although experimental confirmation is lacking for other eve stripes and for stripes of other pair-rule genes.
The CRMs of the anterior pair-rule stripes hairy (h) 1 and eve 1 were isolated but the mechanisms involved in their regulation were not characterized (Riddihough and Ish-Horowicz, 1991; Howard and Struhl, 1990; Fujioka et al., 1999) . Later, it was shown that the Sloppy-paired 1 (Slp 1) gap domain sets the anterior borders of a group of pair-rule stripes ranging from h 1 to eve 2 (Andrioli et al., 2004) . However, only small expansions of target borders were detected in slp null embryos (Andrioli et al., 2004) . More recently, we verified that Huckebein (Hkb) is also a common repressor for a group of anterior stripes including h 1 and eve 1 (Andrioli et al., 2012) . Due the small expansions of h 1 and eve 1 detected even in slp and hkb double mutant embryos, other repressors are expected to be part of this regulatory mechanism.
Here we tested the involvement of the gap gene tailless (tll) in the regulation of h 1 and eve 1. Tll is a transcription factor with an anterior gap domain expressed ahead anterior pair-rule stripes (Pignoni et al., 1992) . With an image based computational tool (herein called morphological tool) (Andrioli et al., 2012) , we were able to detect small patterning deviations for h 1 and eve 1 in tll single mutant and in slp and tll double mutant embryos. With transgenic constructs carrying h 1 and eve 1CRMs we confirmed patterning deviations in genetic assays and were able to examine Tll repression with the use of a misexpression system. To access Tll direct or indirect roles we also investigated the expression pattern of other anterior gap genes in different genetic backgrounds and with the misexpression system. Together, these experiments allowed us to probe Tll roles in the anterior repression mechanism necessary to set anterior pair-rule stripes.
Results
Genetic data led the suggestion that Tll represses h 1 (Riddihough and Ish-Horowicz, 1991) . To further investigate that and test whether Tll might also be a repressor for eve 1, we analyzed the expression pattern of reporter stripes in different genetic backgrounds (Fig. 1) . For these experiments, we used available lines carrying the CRMs of h 1 + 5 and eve 1 + 5. The CRMs of stripes 1 and 5 are contiguous DNA sequences in the loci of both genes (Riddihough and Ish-Horowicz, 1991; Howard and Struhl, 1990; Fujioka et al., 1999) . We detected expansions for h 1 and eve 1 anterior borders in tll single mutant embryos Mechanisms of Development 144 (2017) 
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( Fig. 1C and D) and as previously reported, in slp null embryos (Andrioli et al., 2004; Fig. 1E and F) . In the egg collection from double heterozygous crosses we were able to detect what might be double mutant embryos with increased expansions even when compared to single mutants ( Fig. 1G and H) . Taken together, the expansions detected in the genetic assays indicate Tll repression roles and support the hypothesis of Slp1 and Tll additive repression in the regulation of h 1 and eve 1. We next tested Tll repression with a ventral misexpression system (Fig. 2) . This system creates an ectopic domain of Tll along the ventral midline of the embryo crossing pair-rule stripes at their ventral sides (Andrioli et al., 2002; Fig. 4A) . As a result, we detected ventral repression on h 1 and eve 1 (Fig. 2C and D) . Moreover, the increased effects detected in transgenic embryos carrying two ectopic constructs of tll suggest a correlation of dose usage and repression effects (Fig. 2E and F) . In these assays, we also detected repression for the accompanying reporter stripes h 5 and eve 5. These results might reflect physiological roles of tll posterior expression domain in the regulation of stripes 5. We are further investigating Tll effects on these as well as on other pair-rule stripes (data not shown).
To confirm and examine in detail changes in the positioning of h 1 and eve 1 we detected h and eve endogenous patterns in embryos from the double heterozygous crosses (Fig. 3) . Embryos not expressing tll are easily recognized because the seventh stripe of pair-rule genes is missing (Pankratz et al., 1989; Brönner and Jäckle, 1991; Fig. 3C and D) . We identified slp null embryos because the slp Δ34b allele does not express mRNA (Grossniklaus et al., 1992; Fig. 3E and F) . Moreover, we hybridized embryos for huckebein (hkb) (Fig. 3A, C, E and G) or emptyspiracles (ems) (Fig. 3B, D , F and H) with the aim to better assess patterning deviations of h and eve stripes. For h 1, anterior and posterior borders are more anteriorly positioned in slp and tll single mutant embryos when compared to the wild type stripe. However, while the anterior borders have comparatively equivalent shifts in these backgrounds, the posterior borders do not. As a consequence of the new positioning of these borders, h 1 is shifted with wild type width in slp mutants and it is shifted and larger (anteriorly expanded) in tll mutants. For eve 1, anterior and posterior borders are more anteriorly shifted in slp and tll single mutants but with approximately the same size of the wild type pattern ( Fig. 3D and F) . In the simultaneous absence of Tll and Slp1 we detected increased effects for h 1 and eve 1 (Fig. 3G and H) . These stripes are significantly shifted towards the anterior region even when compared to the situation detected in the single mutants. Moreover, it is noticeable the progressive change in patterning effects detected for eve 1 during nuclear cycle 14. Younger embryos show larger domains while the anterior shift of the stripe is more evident in older embryos, probably due to late indirect effects (for example, embryos 1H and 3H).
We confirmed all our observations with the morphological tool allied with a statistical test, previously created to inspect patterns of segmental genes (Tables 1 and 2 ; Supp. Table 1 ; Andrioli et al., 2002) . We also hybridized embryos for ems and runt (run) or fushi-tarazzu (ftz), but we did not detect significant differences in the positioning of stripes such as run 1 and ftz 1 when comparing wild type and tll null embryos or comparing slp single and double mutants, even after using the morphological tool (Supp. Tables 2 and 3). We noticed deviations of ems gap domain in all backgrounds (e.g., Fig. 3 ). The anterior border of ems is highly expanded in tll single and in double mutant embryos compared to the wild type pattern ( Fig. 3D and H ; Table 3 ). The domain of ems is larger in double mutant embryos because the posterior border doesn't change. On the other hand, the domain of ems in slp mutant embryos is smaller when compared to the wild type pattern ( Fig. 3F ; Table 3 ). The expansion of ems in tll mutant embryos is consistent with a repression effect previous reported by Hartmann et al. (2001) . However, tll misexpression did not repress ems (Fig. 4G) neither the slp1 misexpression (Fig. 4E) .
At first, the alterations detected for ems could suggest roles for ems on h 1 and eve 1. However, we did not find any support for that. For instance, ems domain in tll mutants is much larger than in slp mutants but the anterior expansion of h 1 and eve 1 stripes in tll and in slp mutants are roughly the same (Fig. 3D and H) . We also investigated the expression pattern of other anterior gap genes to discard the possibility of Tll indirect repression effects on h 1 and eve 1. In accordance with that, we did not detect changes for hkb and orthodenticle (otd) in single (slp-and tll-) or in double mutants (slp-; tll-) (data not shown). We detected deviations for buttonhead (btd) (Fig. 5; Table 4 ), although not masking Slp1 or Tll repression (see Discussion).
Discussion

Tll in the additive repression mechanism of pair-rule stripes
Here we show that Tll represses the CRMs of h 1 and eve 1 and is probably part of a repression network required to regulate h 1 and eve 1. This network was first proposed to explain the regulation of eve 2 Table 1 Morphological analysis of h 1. The distances between the anterior and posterior borders of h 1 and the anterior tip were measured in relation to the distance between the ends of embryos of different genotypes. Each panel shows on the left, box plot diagrams for the analyzed set and on the right, the corresponding student's t-test probabilities. Upper panel shows measurements for anterior borders, middle panel for posterior borders and lower panel comprises the difference between the distances measured for posterior and anterior borders for the embryos analyzed.
anterior (Andrioli et al., 2002) . According to that, two different mechanisms cooperate for this repression network. Repressors could be operating through a combination of activities preventing the expression of pairrule CRMs at extensive anterior regions of the blastoderm; or repressors could be contributing in an additive manner to set anterior boundaries of stripes. We have stronger evidence supporting the additive repression mechanism. As shown here, small deviations of the anterior borders of h 1 and eve 1 in slp1 or tll single mutant embryos are consistent with the partial contribution of each repressor to the overall repression setting these boundaries. Moreover, the increased effects detected in double mutants further reinforce the additive mechanism. A similar situation was detected for h 1 and eve 1 as well as for other anterior pair-rule stripes when tested in the simultaneous absence of Hkb and Slp1 (Andrioli et al., 2012) . The correlation between the increased repression effects and the increased concentration levels of the expression of two transgenic constructs of slp1, hkb and tll also support the additive mechanism (Andrioli et al., 2004; Andrioli et al., 2012; this work) . Thus, the simultaneous contribution of the proximal activity of Slp1 and the distal activities of Hkb and Tll are necessary to correctly position stripe boundaries trough a mechanism based on concentration levels.
Several evidence support the combinatorial repression mechanism for h 1 and eve 1: 1) Hb and Bcd are broadly expressed in the anterior blastoderm and according to genetic assays, respectively activators of h 1 and eve 1 (Riddihough and Ish-Horowicz, 1991; Fujioka et al., 1999) ; 2) despite of that, pair-rule stripes are not formed in the presumptive anterior head region, therefore, repression activities are expected to be in place throughout this region; 3) from the tip, the anterior blastoderm is covered by the expression of the gap genes hkb (Andrioli et al., 2012) , tll (this work) and slp1 (Andrioli et al., 2004) , repressors of h 1 and eve 1. However, these studies didn't detect the expression of CRMs ahead the position where stripes are formed, even in the absence of two repression activities. It might be that the remaining activity is sufficient to repress CRMs in more anterior regions. Moreover, other(s) factor(s) not yet isolated might be operating locally with redundant repression activities. For instance, the deletion of Slp1 binding domain in eve 2 caused derepression of the CRM in the position of the Slp1 gap domain, but such derepression was not detected in slp null embryos (Andrioli et al., 2002) . These results led to the hypothesis that in the absence of Slp1, there is one other repressor which is able to bind to Slp1 site and locally repress the CRM.
Tll direct regulation of pair-rule stripes
Strong support for Tll direct roles comes from genome-wide in vivo DNA analysis (Noyes et al., 2008; MacArthur et al., 2009 ). These studies mapped significant Tll binding sites in the CRMs of h 1 and eve 1. We corroborated Tll direct repression on h 1 and eve 1 investigating other anterior gap genes in genetic assays. We neither detected deviations of anterior gap domains in these experiments, nor found support for alternative explanations, except for btd. The wild type domain of Btd overlaps eve 1 and it was genetically shown that Btd activates eve 1 (Vincent et al., 1997) . Thus, it could be possible to correlate expansions of eve 1 in slp and tll single mutants (Fig. 3C-F) with the expansions of btd anterior borders in these same backgrounds (Fig. 5B and C) . However, the btd domain in tll mutants is larger than in double mutants ( Fig. 5B and D) and this doesn't seem to affect eve 1 expression ( Fig. 3D and H) . Moreover, genetic assays indicated only a minor role of Btd in the activation of eve 1 (Vincent et al., 1997) . Therefore, although activation roles of Btd cannot be formally excluded, Btd activation might have, if any, a small contribution in the effects detected here.
Tll regulation of anterior head gap genes
Here we detected disruptions of btd and ems in all genetic backgrounds inspected. Surprisingly, we were not able to detect alterations of btd and ems domains in slp embryos before (Andrioli et al., 2004) . Two facts can explain that. 1) We now use the simultaneous detection of a pair-rule and a gap gene in the in situ hybridizations whenever the expression patterns don't overlap. This procedure offers the advantage to improve the detection of alterations in the expression pattern of a gene in a given genetic background having the other expression pattern as a reference, and vice versa. 2) the morphological tool allied to a statistical test is an undisputable manner to single out any existent effect.
However, to distinguish direct from indirect interactions in the segmentation cascade solely based in genetic data is a hard task. Here we used the misexpression of slp1 and tll to check effects on the gap domains of btd and ems (Fig. 4) . We detected effects just in one situation, which was the repression of Tll on btd (Fig. 4A ). This repression is well supported by genetic results ( Fig. 5B; Table 4 ). It turns out that the (Fig. 4A ) make Tll repression on btd a plausible interaction. To our knowledge this interaction was not reported before.
On the other hand, we did not detect slp1 misexpression effects on btd and ems or of tll misexpression on ems (Fig. 4C , E and G). However, Tll was shown to bind with repression activity in regulatory regions of ems (Hartmann et al., 2001) . While slp1 extensively overlaps btd and ems (Grossniklaus et al., 1994) , tll adjoins ems (Hartmann et al., 2001) . Repression among gap genes with partially overlapping domains has been extensively reported in the literature (e.g. Jaeger and Reinitz, 2006) , however, it has been challenging to propose an elucidative molecular mechanism to explain that and to reconcile with the eve 2 model of regulation. This is still an open issue in the segmentation studies.
Experimental procedures
4.1. Fly stocks and genetics yw flies were used to detect wild type expression patterns. To collect slp null mutant embryos we used flies carrying the slp Δ34b allele, a deficiency that removes both the slp1 and slp2 genes (Grossniklaus et al., 1992) . For tll we used the null allele tll 1 . The original parental stock of the slp null allele carries the deficiency on the CyO balancer chromosome, while tll null allele is balanced with TM3 chromosome. To get double mutant embryos for slp and tll, from the original parental stocks we generated double heterozygous flies that were crossed and used for egg collection. We also used transgenic lines that express lac Z stripes under the regulatory regions of h 1 + 5 (Riddihough and IshHorowicz, 1991) or eve 1 + 5 (Fujioka et al., 1999) . The preparation of the constructs and generation of transgenic lines carrying ventral ectopic expression domains were described before for slp1 (Andrioli et al., 2002) and tll (Haecker et al., 2007) . The running of the misexpression system is also described elsewhere (Andrioli et al., 2002) .
In situ hybridization and the morphological tool
Gene expression patterns were detected by whole mount in situ hybridization experiments with one or two antisense RNA probes in single or double stains (Kosman and Small, 1997) . The morphological tool is an image based computational resource that we developed to measure distances of borders of stripes or gap domains in regard to their relative positions in wild type or mutant embryos (Andrioli et al., 2012) . Coupled to a statistical test (students's t-test) we find the probability that the position of a boundary of a stripe or of a gap domain between two genetic backgrounds is distinct or not. We considered values below 10% an indication that there is a distinction between the two classes. The same applies to the size of stripes or domains.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.10.002. Fig. 4 . btd or ems mRNA expression pattern in tll and slp1 misexpression assays. A transgenic embryo carrying tll misexpression construct was hybridized for tll (red) and btd (black) (A). Thus, it was possible to detect tll anterior and posterior endogenous domains and the ventral ectopic domain. The arrow points to the strong repression on btd. The anterior domain of tll starts as ring that progressively retreats from the ventral region, giving rise to a dorso-lateral patch during cycle 14 (A). The head gap genes also retreat from ventral regions, but just later during cycle 14. Bellow, anterior ventral parts of wild type embryos (B, D, F) or embryos misexpressing slp1 (C, E) or tll (G). Embryos were simultaneously hybridized for ftz (B-E) or eve (F,G) and btd (B, C) or ems (D, E, F, G). Arrows point to gap domains. Note that gap domains don't exhibit repression effects (C, E, G). Fig. 5 . btd mRNA expression pattern in different genetic backgrounds. In situ hybridizations for btd and ftz in wild type (A), tll null (B), slp null (C), and slp and tll double mutant embryo (D). The arrows point to btd gap domains. Note the expanded btd domain in tll mutant embryo (B). ftz 2 in tll mutant embryo shows a ventral patterning defect not related to the genetic test (B).
